A Regional Metrology Organization (RMO) Key Comparison of dew/frost point temperatures was carried out by the National Institute of Standards and Technology (NIST, USA) and the National Research Council (NRC, Canada) between December 2014 and April, 2015. The results of this comparison are reported here, along with descriptions of the humidity laboratory standards for NIST and NRC and the uncertainty budget for these standards. This report also describes the protocol for the comparison and presents the data acquired. The results are analyzed, determining degree of equivalence between the dew/frost-point standards of NIST and NRC.
Generators
The NIST humidity generator used was the NIST Hybrid Humidity Generator (HHG). Its principle of operation depends on the desired value of T DP/FP .
For T DP/FP ≥ 15 °C, the HHG operates as a conventional two-pressure generator, saturating air with water at a temperature T s and pressure P s to produce moist air with a molar fraction x g given by Here, e (T s ) is the water vapor pressure at T s, calculated using [2] [3] and f(T s , P s ) is the water-vapor enhancement factor, calculated using [4] . The saturator temperature is measured by a standard platinum resistance thermometer (SPRT) immersed in the same temperature-controlled bath as the saturator. The saturator pressure, which can vary from ambient to 500 kPa, is measured by a strain-gauge pressure transducer that is connected by a tube to the saturator at a point near its outlet.
For T DP/FP ≤ 15 °C, the HHG uses the divided flow method, which involves diluting the saturated gas with dry gas using precisely-metered streams of gas. The molar fraction after dilution is
where s n  and p n  are the molar flows of the saturated gas and pure (dry) gas, respectively, and N  is the total molar flow. Also, x s is the molar fraction of water in the saturated gas and x p is the residual molar fraction of water in the pure gas. For the HHG in divided flow mode, the saturator is operated at a temperature of 1 °C and a pressure of 300 kPa, resulting in x s ≈ 0.0022.
The generated dew/frost-point temperature is obtained from x g by measuring the pressure P c using a strain-gauge pressure transducer at the inlet of the chilled-mirror hygrometer. T DP/FP is then obtained by iteratively solving the equation Here, e(T DP/FP )= e w (T DP ) for T DP/FP ≥ 0, where e w is the saturated vapor pressure for water, calculated using [1] [2] . Also, e(T DP/FP )= e i (T FP ) for T DP/FP < 0, where e i is the saturated vapor pressure for ice, calculated using [5] [6] . The value of f(T DP/FP , P s ) is calculated using [4] . A more complete description of the NIST HHG may be found in [7] .
To ensure the stability of the HHG results, the HHG pressure gauges are calibrated yearly. The HHG SPRT resistance at the triple point of water R TPW is also calibrated yearly. The pressure gauge and SPRT calibrations are performed at NIST. The policy of the HHG laboratory is that if the change in R TPW from that of the original calibration ever corresponds to a temperature drift of more than 10 mK, a full calibration will be performed. Finally, NIST employs check standards during every customer calibration for the purpose of detecting any possible errors or long-term drifts.
The NRC humidity generator used was a commercially-made generator (Thunder Scientific Model 2500 * [8] [9] [10] . It operates as a two-pressure generator (see Eq. 1) over its entire range. The saturator temperature can be varied from 0 °C to 70 °C and the saturator pressure can be varied from ambient to 1.03 MPa. The generator uses four 10 kΩ thermistors to measure and control the saturator temperature. It uses two piezoresistive pressure transducers to measure and control the saturator pressure, one designed for the range 0-50 psia (0-0.34 MPa) and the other for the range 0-150 psia (0-1.03 MPa); the first is used to measure pressures below 0.34 MPa and the second to measure pressures from 0.34 MPa to 1.03 MPa. A more complete description may be found in [8] . However, it is important to note that NRC has modified the generator by adding temperature and pressure sensors that provide traceability to national measurement standards. A Rosemount 162C SPRT measures the temperature of the bath in which the saturator is immersed and MKS Model 690A Baratrons measure the saturator and chamber pressures. Calculations of T DP/FP were made from T s and P s using Eq. 1 and Eq. 3, using the formulations for e w , e i , and f given in [2] [3] [4] [5] [6] . A more complete description may be found in [10] .
The Rosemount SPRT is calibrated yearly against NRC temperature standards and the MKS pressure transducers are calibrated yearly against NRC pressure standards. These actions ensure the stability of the NRC generator results and the traceability of its pressure and temperature measurements to national standards. 
Transfer standard

Measurement process
Sample air with T DP/FP realized by a participant's standard generator was introduced into the inlet of a transfer-standard hygrometer through a stainless steel tube. The tube was attached to the transfer standard using a 6.35 mm Swagelok fitting. A 100-ohm platinum resistance thermometer (PRT) embedded beneath the surface of the transfer standard's mirror measured the dew/frost-point temperature. The current applied through the PRT * Certain commercial products are identified in this paper but only in order to adequately specify the procedure. Such identification neither constitutes nor implies recommendation or endorsement by either the U.S. government or the National Institute of Standards and Technology.
was nominally 1 mA. At NIST, the resistance of the PRT was measured using a commercial AC resistance bridge using a 100 Ω standard resistor as its reference. At NRC, the resistance of the PRT was measured using an Agilent 3458A multimeter. The multimeter had been calibrated against NRC national standards and it was autocalibrated daily before the comparison measurements. For both NIST and NRC, the measured resistance was converted to a nominal dew/frost-point temperature using the reference function given in IEC 60751, as described in Appendix 3 of the CCT-K6 protocol.
A total of four dew/frost-point temperatures were used for the comparison: +20 °C, 0 °C, 10 °C and 25 °C. Each participant made four independent measurements for each dew/frost-point temperature, reforming the condensate on the hygrometer's mirror each time. At each measured dew/frost point, the PRT resistance readings were monitored until they drifted less than 0.010 Ω (0.025 °C) over a period of 20 minutes (dew points) or 40 minutes (frost points); at that point they were assumed to be in a steady state. Afterwards, multiple readings of the resistance of the PRT were recorded, and the mean and standard deviation of these readings were recorded. Table 1 shows the results of the generator/hygrometer comparisons for both NRC and NIST. For T DP/FP ≈ 0 °C it is assumed that the condensate on the hygrometer mirror is always water (never ice). Based on the difference between the dew point and frost point temperatures at the dew/frost-point values realized at T DP/FP ≈ 0 °C, we estimate the standard uncertainty for this assumption to be less than 0.005 °C. Table 2 shows the difference between generated and measured dew/frost-point temperatures ΔT DP/FP for four measurements. For a given nominal value of ΔT DP/FP , the results of NRC and NIST are shown on separate rows. The results for each of the four measurements are shown in separate columns. The mean and standard deviation of these measurements are shown in the last two columns. The data shown in Table 2 is plotted in Fig. 1 .
Measurement data
Comparison Uncertainty
For a set of determinations of ΔT DP/FP made at a nominal T DP/FP the standard uncertainty of the generator/hygrometer comparison u c (ΔT DP/FP ) is given by
Descriptions of u A (ΔT DP/FP ),   First, u A (ΔT DP/FP ) is the type A uncertainty for the determination of ΔT DP/FP . This uncertainty includes the reproducibility of the generator, the chilled-mirror hygrometer, and the multimeter making the resistance measurements. Unfortunately, for a given NMI, four measurements at one value of T DP/FP is not a large ensemble for statistically determining u A . Therefore, after observing no systematic variation of u A with T DP/FP , we chose to assume that u A is independent of T DP/FP and determine a value for u A based on all measurements (quadrupling the size of the ensemble), thereby obtaining a better estimate for u A . For each NMI, u A (ΔT DP/FP ) was determined as the average value of σ(ΔT DP/FP ) for the four nominal T DP/FP values. For NRC and NIST these average values were 0.007 °C and 0.004 °C, respectively. The individual values of σ(ΔT DP/FP ) are given in Table 2 . for NIST is [7] , which contains a complete uncertainty budget for the NIST Hybrid Humidity Generator. The source of the values   g DP/FP T u for NRC is [10] , which provides an uncertainty analysis for the Thunder Scientific Model 2500. Table 3 shows the uncertainty elements and their standard uncertainty values for the NIST generator, for the four nominal values of T DP/FP. Table 4 shows the contribution of these uncertainty elements to   g DP/FP T u
. Similarly, Tables 5 shows the values of these standard uncertainties for the NRC generator and Table 6 shows their contribution to   were 0.002 °C for NRC and 0.001 °C for NIST. Table 7 shows the calculated value of u c (ΔT DP/FP ) and its components for each value of T DP/FP and each participating NMI. Note that in this table we have adjusted the values of u( g DP/FP T ) at 0 °C to account for the uncertainty of whether dew or frost has condensed on the mirror of the hygrometer. For this, we have added a standard uncertainty of 0.005 °C in quadrature to these values.
Drift of Transfer Standard
The first generator/hygrometer comparison measurements were made at NRC in December 2014-January 2015. Afterwards, the transfer standard was sent to NIST so that it could perform its comparison measurements. The transfer standard was returned to NRC in March 2015, and the next comparison measurements were made in March-April 2015.
Drift of the transfer standard during the course of the NRC-NIST comparison may be estimated by examining the difference between the NRC generator/hygrometer comparisons performed in December 2014-January 2015 and March-April 2015. This difference is shown in 
Flow measurement (divided flow method):
Calibration uncertainty
Calculation:
Saturation vapor pressure formula(e) 0.15 Pa 0.10 Pa 0.06 Pa 0.04 Pa Water vapor enhancement formula(e) 0.0002 0.0006 0.0005 0.0006 Table 4 . Contribution of the uncertainty elements in Table 3 0.001 0.001 0.001 0.001 Long-term stability 0.001 0.001 0.001 0.001 Saturator Pressure Measurement Calibration uncertainty 0.003 0.002 0.002 0.001 Long-term stability 0.001 0.000 0.000 0.000
Hygrometer Pressure Measurement
Calibration uncertainty 0.003 0.002 0.002 0.002 Long-term stability 0.001 0.001 0.001 0.001
Flow measurement (divided flow method):
Calculation:
Saturation vapor pressure formula(e) 0.002 0.001 0.002 0.003 Water vapor enhancement formula(e) 0.004 0.009 0.007 0.006 Combined standard uncertainty: 0.006 0.010 0.008 0.008 Table 7 . Standard uncertainty of the determinations of ΔT DP/FP for NIST and NRC. The column headings are described in the text. 
Degree of Equivalence
We define the degree of equivalence between the values of T DP/FP realized by NRC and those of NIST, D NRC/NIST as 
The uncertainty of the degree of equivalence u(D NRC/NIST (T DP/FP ) is the combination of
for NIST, and the uncertainty u drift due to possible drift of the transfer standard:
The expanded (k=2, 95% confidence level) uncertainty for the degree of equivalence is
The results are presented in Table 8 and plotted in Fig. 3 . All values of D NRC/NIST are within the expanded uncertainties. We note that the values of D NRC/NIST are largest for the +20 °C and 0 °C points. However, if the NRC data from March-April 2015 were used instead (see Fig. 2 ), the values of D NRC/NIST at +20 °C and 0 °C would be 0.011 °C and −0.006 °C, respectively. Overall, this second set of data agrees better with the NIST data. If the average of both sets of NRC data were used, the values of D NRC/NIST at +20 °C and 0 °C would be −0.010 °C and −0.028 °C, respectively. It is currently unclear why the two sets of NRC results are so different from each other at these two dew points.
Linkage to the CCT-K6 KCRV
Because NIST participated in the CCT-K6 multilateral key comparison, some of the results of this bilateral comparison may be linked to the key comparison reference value (KCRV) for T DP/FP [1] . The degree of equivalence between T DP/FP realized by a NMI and the KCRV, D NMI/KCRV , is defined as
−0.031 0.051 0 −0.051 0.053 −10 −0.001 0.050 −25 −0.020 0.058 Since NRC did not participate in CCT-K6, Eq. 5 and Eq. 8 may be used to determine D NRC/KCRV :
The CCT-K6 comparison was performed at T DP/FP values of +20 °C, 1 °C, −10 °C, −30 °C, and −50 °C. The last two values will not be considered here because the NIST/NRC comparison was not performed at them. While the CCT-K6 comparison was performed at 1 °C and the NIST/NRC comparison was performed at 0 °C, we consider these values acceptably close for linkage and assume that
The relevant values of D NIST/KCRV and U(D NIST/KCRV) from [1] are given in Table 9 : Table 9 . Degree of equivalence between T DP/FP realized by NIST and the KCRV, D NIST/KCRV , and its expanded uncertainty (k = 2), U(D NIST/KCRV ), at T DP/FP values of +20 °C, 1 °C, and −10 °C, as given by Tables 7.3 
Overview
The INMS humidity calibration facility is based on a Thunder Scientific Model 2500 Two-Pressure Humidity Generator that has been modified to allow traceable pressure and temperature measurements to be achieved via auxiliary instrumentation. The humidity generator is supplied with air from a Thunder Scientific Model ACS-571B oil-free compressor assembly that incorporates a membrane-type air dryer to ensure that the dew-point of the air supplied to the generator is below the operating range of the generator. hygrometer. An auxiliary 100-ohm platinum resistance thermometer (PRT) is embedded beneath the surface of the chilled-mirror and its electrical resistance is the measurand used to compare the dew/frost-point temperatures realized at NIST and NRC. 
List of Equipment
Measured Parameters
Saturator Pressure
To measure the saturator pressure, a "T" fitting was inserted into the line connecting the saturator to the pressure sensors that provide the feedback in the saturator pressure control loop.
This access point allows the 10,000 Torr MKS pressure sensor (connected to channel 1 of the multiplexer) to provide an independent measurement of the saturator pressure. The sensor, multiplexer and readout were calibrated as a unit (in the same configuration as the conditions of use) against an NRC reference pressure balance over the range 100 kPa to 1.3 MPa at intervals of 100 kPa. The estimated uncertainty of the calibration is 100 ppm of reading (k = 2) at the measured points (see report MS-2014-0029B, issued 2014-11-27). The differences between the indicated value and the reference pressure (measuredreference) were fitted to a cubic correction equation. The standard deviation of the fitting residuals is 16 Pa.
Saturator Temperature
The saturator temperature is not measured directly, but inferred by measuring the temperature of the fluid bath that surrounds most of the measuring chamber of the humidity generator. The design of the humidity generator is such that the bath fluid also circulates through the saturator to establish the saturator temperature. While it is reasonable to recognize the possibility of a temperature gradient between the measurement point within the bath and the saturator (and within the saturator), it is difficult to estimate the magnitude of such a temperature difference without greater knowledge of the generator's construction or further modifications of the apparatus through the installation of additional temperature sensors and perhaps heat transfer modeling and analysis. In the absence of such information, we turn to the manufacturer's analysis 
Chamber Pressure
The chamber pressure is measured with the 1,000 Torr MKS pressure sensor connected to channel 2 of the multiplexer. The sensor is installed outside the measuring chamber and communicates with the measuring chamber via ¼" diameter stainless steel tubing. The sensor, multiplexer and readout were calibrated as a unit (in the same configuration as the conditions of use) against the NRC primary pressure standard (a mercury manometer) over the range 80 kPa to 130 kPa at intervals of 10 kPa. The estimated uncertainty of the calibration is 15 Pa (k = 2) and
includes the deviation of the residuals from a linear calibration equation (see report MS-2014-0029A, issued 2014-10-28).
Ambient Temperature
While not considered critical to the measurement, the ambient laboratory temperature is monitored by the General Eastern Hygro-M2. The manufacturer's worst case accuracy specification for the instrument is ±0.2 °C.
Ambient Dew-Point Temperature
While not considered critical to the measurement, the ambient laboratory humidity is monitored by the General Eastern Hygro-M2. The manufacturer's accuracy specification for the dew/frost-point temperatures is ±0.2 °C.
A-5
Resistance of the PRT in the Travelling Standard
The electrical resistance of the PRT embedded in the mirror of the traveling standard is measured by the 3458A multimeter. The multimeter is programmed to perform a four-wire ohms measurement on the 100 ohm range with offset compensation. The measuring current for the 100 ohms range is 1 mA. The Autocal (ACAL) cycle is used daily prior to taking measurements. The manufacturer indicates that under these conditions the temperature coefficient of the instrument is 
Uncertainties
The approach to uncertainty estimation follows that of 
In Eq. (1), the three measured quantities are the temperature and pressure at the saturator (t s , P s ) and the pressure where the dew-point temperature is measured (P d ). The saturation vapour pressure of pure water is represented by e, and f is the enhancement factor to account for the fact that the mole fraction of water vapour is measured in air. Taking differentials of Eq. (1) yields
Assuming that the components are uncorrelated, the combined standard uncertainty is given by
In the present case, we have 
Six sets of coefficients are required to span the ranges of pressure and temperature over which the expression is valid.
A-11 
Std uncertainty due to short-term stability (from standard deviation) of measurements of traveling standard (type A), expressed as °C (k=1)
Uncertainties in dew/frost-point (°C)
Hygrometer RH Systems 373H, S/N 09-0819
REPORTING FOR DEW/FROST-POINT TEMPERATURE COMPARISON
A-12 
Std uncertainty due to short-term stability (from standard deviation) of measurements of traveling standard (type A), expressed as °C (k=1)
Uncertainties in dew/frost-point (°C)
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